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We study the process of quantum tunnelling in scalar-tensor theories in which
the scalar field is non-minimally coupled to gravity. In these theories gravitational
instantons can deviate substantially from sphericity and can in fact develop a neck –
a feature prohibited in theories with minimal coupling. Such instantons with necks
lead to the materialisation of bubble geometries containing a wormhole region. We
clarify the relationship of neck geometries to violations of the null energy condition,
and also derive a bound on the size of the neck relative to that of the instanton.
I. INTRODUCTION
Recently there has been substantial interest in theories violating the null energy condition (NEC)
(see e.g. [1], [2] for reviews). Such theories may lead to interesting phenomena like the creation
of a universe in the laboratory [1], the existence of traversable Lorentzian wormholes [3] or non-
singular bounce solutions [4–8]. One of the examples of NEC violating theories is a scalar field
theory non-minimally coupled to gravity [9]∗, and Lorentzian wormholes were in fact found in this
theory [12, 13]. Lorentzian wormholes typically join two asymptotically flat geometries, or could be a
bridge between an asymptotically flat and a spatially closed universe, see Fig. (1). The characteristic
feature of a wormhole is the existence of a “neck” in a spatial slice.
In present paper we will consider the Euclidean version of modified gravity theories in order to
study metastable vacuum decay processes [14]. In particular we are interested in the possibility of
∗Electronic address: lorenzo.battarra@aei.mpg.de
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∗ We note that non-minimal coupling is also actively discussed in context of Higgs inflation [10, 11].
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2Figure 1: Schematic view of a semiclosed world. An asymptotically flat region (in blue) is connected to
a spatially closed one (in red) via a wormhole, exhibiting the characteristic “neck” feature (in green) in
the geometry.
creating a wormhole during metastable vacuum decay processes. A priori there are four possible
instanton shapes in de Sitter to de Sitter transitions, depending on whether the false and true
vacuum regions are smaller or larger than half of Euclidean de Sitter space, see e.g. the discussion in
[15, 16]. A neck is only present in the case where both “halves” of the instanton are larger than half
of Euclidean de Sitter space. However, it was shown in [17] that in scalar field theories minimally
coupled to gravity such configurations cannot arise. At the same time it was argued [17] that the
creation of instantons with necks might be possible if one allows for a non-minimal coupling of the
scalar field to gravity. Here we will explore this possibility in detail.†
II. MINIMAL COUPLING AND NEC VIOLATION
We will start with a simple model of a scalar field φ with a potential V (φ) minimally coupled to
gravity and described by the action
S =
∫
d4x
√−g
( 1
2κ
R− 1
2
∇µφ∇µφ− V (φ)
)
, (1)
† Certain related issues in the context of Brans-Dicke theories have been studied in [18, 19].
3where κ is the reduced Newton’s constant. We will consider homogeneous and isotropic universes,
described by the metric
ds2 = −dt2 + a2(t)γKij dxidxj = −dt2 + a2(t)[
dr2
1−Kr2 + r
2dθ2 + r2 sin2(θ)dϕ2]. (2)
In what follows we will only be interested in the K = +1 case, but for clarity we will write K out
explicitly in this section. The energy momentum tensor is given by
T00 = ρs , Tij = a
2γKij ps (3)
where the energy density and the pressure are given respectively by
ρs =
1
2
(
dφ
dt
)2
+ V , ps =
1
2
(
dφ
dt
)2
− V . (4)
The null energy condition (NEC)
Tµνn
µnν > 0 , (5)
with nµ being a null vector, nµn
µ = 0, then reduces to the requirement
ρs + ps > 0 . (6)
The equations of motion (Friedmann equations) can be written in the form
H2 =
κ
3
ρs − K
a2
, (7)
dH
dt
= −κ
2
(ρs + ps) +
K
a2
, (8)
where H ≡ (da/dt)/a. Tunnelling can be described by performing an analytic continuation to Eu-
clidean time, with t = −iλ¯. Then the metric and scalar field are of the form
ds¯2E = dλ¯
2 + ρ¯2dΩ23 , φ¯ = φ¯(λ¯) , (9)
where ρ¯(λ¯) ≡ a(it). Note that the Euclidean version of the NEC condition Eq. (6) reverses sign:
ρEs + p
E
s < 0 , (10)
where the Euclidean energy density and pressure are obtained by analytic continuation of Eq. (4)
ρEs = −
1
2
(
dφ
dλ¯
)2
+ V , pEs = −
1
2
(
dφ
dλ¯
)2
− V . (11)
The Euclidean versions of the Friedmann equations read
H2E = −
κ
3
ρEs +
K
a2
, (12)
dHE
dλ¯
=
κ
2
(ρEs + p
E
s )−
K
a2
, (13)
4where HE = (dρ¯/dλ¯)/ρ¯. At the putative neck of an instanton, i.e. at a local minimum of ρ¯(λ¯),
we have HE = 0 and would need
dHE
dλ¯
> 0, which, in view of Eq. (13), is impossible if the “NEC”
condition Eq. (10) is fulfilled. Thus we can see that (O(4) symmetric) instantons in theories whose
Lorentzian counterpart satisfies the NEC cannot have a neck.
III. MODIFIED GRAVITY: EINSTEIN AND JORDAN FRAMES
The arguments of the previous section motivate us to study theories in which the scalar field is
non-minimally coupled to gravity. In particular, we will be interested in the theory defined by the
Euclidean action
SE =
∫
d4x
√
g
(
− 1
2κ
f(φ)R +
1
2
∇µφ∇µφ+ V (φ)
)
+ Sm(ψm, gµν) , (14)
where the matter action Sm depends on matter fields ψm, which we assume to couple to the physical
metric gµν [20]. With the conformal transformation and field redefinition
gµν ≡ f−1 g¯µν , (15)
dφ¯
dφ
≡
√
f + 3
2κ
f 2,φ
f
, (16)
we obtain the action in Einstein frame,
SE =
∫
d4x
√
g¯
(
− 1
2κ
R¯ +
1
2
∇¯µφ¯∇¯µφ¯+ V¯
)
+ Sm(ψm, f
−1g¯µν) , (17)
where V¯ = V (φ(φ¯))/f 2. At the level of classical solutions, this means that if
ds2 = dλ2 + ρ2(λ)dΩ23 , φ = φ(λ) , (18)
is a solution in Jordan frame (14), then
ds2 = dλ¯2 + f(φ(λ¯))ρ2(λ¯)dΩ23 , φ¯ = φ¯(φ(λ¯)) , (19)
is a solution in Einstein frame (17) provided that φ¯(φ) is specified (up to an irrelevant integration
constant) by (16) and
dλ¯
dλ
= f 1/2 . (20)
In particular, this means that the two “scale factors” are related by
ρ =
ρ¯
f 1/2
. (21)
This implies that, if ρ¯ is a “normal” instanton with only one extremum (local maximum) and the
function f has a sufficiently sharp local maximum, the profile of the instanton in the Jordan frame
can develop a neck.
5IV. NON-MINIMAL COUPLING: MODEL AND FIELD EQUATIONS
For specificity we will choose
f(φ) = 1− κξφ2 , (22)
i.e. we will consider the Euclidean theory with action
SE =
∫
d4x
√
g
(
− 1
2κ
R +
1
2
∇µφ∇µφ+ V (φ) + ξ
2
φ2R
)
, (23)
where ξ is dimensionless parameter. Varying this action w.r.t. φ and the metric leads to the scalar
field equation
∇µ∇µφ− ξRφ = dV
dφ
, (24)
and the gravity equations
Rµν − 1
2
gµνR = κ˜Tµν − κ˜ξ(∇µ∇ν − gµν∇λ∇λ)φ2 , (25)
where
κ˜ ≡ κ
1− κξφ2 , (26)
is the effective gravitational constant and the minimally coupled energy momentum tensor is given
by
Tµν = ∇µφ∇νφ− 1
2
gµν∇λφ∇λφ− gµνV (φ) . (27)
To proceed, we contract Eq. (25) with gµν to obtain the relation
R =
κ
1− κξ(1− 6ξ)φ2
(
4V − 6ξφdV
dφ
+ (1− 6ξ)∇λφ∇λφ
)
, (28)
which is the generalisation of a relation found earlier [17] for the ξ = 1/6 case. Assuming
O(4)−symmetry,
ds2 = N2(λ)dλ2 + ρ(λ)2dΩ23, φ = φ(λ) , (29)
the reduced Euclidean action takes the form
SE = 2pi
2
∫
dλ
( ρ3
2N
φ˙2 + ρ3NV − ρ
3N
2κ˜
R
)
, (30)
where ˙≡ d/dλ and
R =
6
ρ2
− 6ρ˙
2
ρ2N2
− 6ρ¨
ρN2
+
6ρ˙N˙
ρN3
. (31)
In proper time gauge, N ≡ 1, the equations of motion are
φ¨+ 3
ρ˙
ρ
φ˙− ξRφ = dV
dφ
, (32)
ρ˙2 = 1 +
κ˜ρ2
3
(
1
2
φ˙2 − V + 6ξ ρ˙
ρ
φφ˙) , (33)
ρ¨ = − κ˜ρ
3
(
φ˙2 + V − 3ξ(φ˙2 + ρ˙
ρ
φφ˙+ φφ¨)
)
. (34)
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Figure 2: The scalar field potential V (φ) in Jordan frame (left) and the corresponding potential V¯ (φ¯) in
Einstein frame (right).
With help of Eq. (28) the scalar field equation Eq. (32) takes the form
φ¨+ 3
ρ˙
ρ
φ˙− κξφ
1− κξ(1− 6ξ)φ2 [4V − 6ξφ
dV
dφ
+ (1− 6ξ)φ˙2] = dV
dφ
. (35)
Finally, using Eq. (35) the last equation Eq. (34) can be rewritten in a form that is convenient for
numerical integration:
ρ¨ = − κ˜ρ
3
(
(1− 3ξ
1− κξ(1− 6ξ)φ2 )φ˙
2 +
1− κξ(1 + 6ξ)φ2
1− κξ(1− 6ξ)φ2V
+6ξ
ρ˙
ρ
φφ˙− 3ξ(1− κξφ
2)
1− κξ(1− 6ξ)φ2φ
dV
dφ
)
. (36)
Eqs. (35), (36) simplify for the particular value ξ = 1/6, which reflects the value for a conformally
invariant coupling of a massless scalar field [22]. We note that the equation of motion Eq. (33) differs
from the corresponding equation presented in recent research on a similar topic in [23, 24] - though
see also [25], where the equation was corrected and where the nucleation of true vacuum bubbles in
a false vacuum background in the presence of non-minimal coupling was discussed.
Note that the rhs of the Eq. (25) allow us to find the Euclidean energy density and pressure for
non-minimally coupled scalar field as
ρEξ = κ˜
(
−1
2
(
dφ
dλ
)2
+ V − 3ξHE d(φ
2)
dλ
)
, (37)
pEξ = κ˜
(
−1
2
(
dφ
dλ
)2
− V + ξ d
2(φ2)
dλ2
+ 2ξHE
d(φ2)
dλ
)
. (38)
Thus we see that now the Euclidean NEC
ρEξ + p
E
ξ < 0 ↔ −
(
dφ
dλ
)2
+ ξ
d2(φ2)
dλ2
− ξHE d(φ
2)
dλ
< 0 (39)
7has the possibility of being violated if ξ 6= 0. Such violations due to non-minimal coupling were
previously discussed e.g. in [9, 13, 21].
We will now assume that the potential V (φ) is positive and has two non-degenerate local minima
at φ = φtv and φ = φfv, with V (φfv) > V (φtv), as well as a local maximum for some φ = φtop, with
φfv < φtop < φtv. The Euclidean solution describing vacuum decay satisfies the boundary conditions
φ(0) = φ0, φ˙(0) = 0, ρ(0) = 0, ρ˙(0) = 1 , (40)
at λ = 0 and
φ(λmax) = φm, φ˙(λmax) = 0, ρ(λmax) = 0, ρ˙(λmax) = 1 , (41)
at some λ = λmax. This assumes the following Taylor series at λ→ 0
φ(λ) = φ0 +
(1− κξφ20)∂V∂φ |φ=φ0 + 4κξφ0V (φ0)
8(1− κξφ20(1− 6ξ))
λ2 +O(λ4) , (42)
ρ(λ) = λ− κV (φ0)−
3
2
κξφ0
∂V
∂φ
|φ=φ0
18(1− κξφ20(1− 6ξ))
λ3 +O(λ5) , (43)
and similar power law behaviour as x→ 0, where x = λmax − λ.
V. NUMERICAL EXAMPLES
For our numerical examples, we will consider the potential
V (φ) = Λ +
1
2
µφ2 +
1
3
β3φ
3 +
1
4
β4φ
4 + Ae−αφ
2
, (44)
whose shape is shown in Fig. 2 on the left. The right panel of the same figure shows the corresponding
potential in Einstein frame. We have chosen the following values for the constants appearing in SE,
κ = 0.1 , ξ = 3 , Λ = 0.1 , µ = 1.0 , β3 = −0.25 , β4 = 0.1 , A = 3.0 , α = 2.0 . (45)
When |φ| is too large, the effective gravitational constant κ˜ becomes negative, and a region of “anti-
gravity” is reached. These regions are shaded in the plot of V (φ) – in our discussion, we will solely
be concerned with the regions of ordinary-sign gravity.
We have integrated Eqs. (35) and (36) numerically with the boundary conditions Eqs. (42) and
(43) and indeed found that instantons in this theory can have a neck ‡. An example of an instanton
with neck is shown in Fig. 3. The scalar field has a characteristic kink profile while the scale factor
‡ Earlier studies of the creation of wormholes during tunnelling transitions include [26, 27].
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Figure 3: The field profiles (scale factor on the left, scalar field on the right) for our example of an
instanton with a neck.
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Figure 4: The field profiles (scale factor on the left, scalar field on the right) for our oscillating instanton
example. The scalar field profile now leads to a hump in the scale factor, rather than a neck.
ρ develops a neck in the small φ region, where the suppression due to the factor f−1/2 in Eq. (21)
is the largest. Note that in this potential one can also find oscillating instantons [28–32], in which
the scalar field oscillates several times back and forth between the two sides of the potential barrier.
An example of a twice oscillating instanton is shown in Fig. 4. In this case the scalar field profile
has two nodes and the scale factor acquires a “hump” instead of a neck. We should remark that, as
already anticipated in [17], in order for these special features to arise the potential must contain a
rather sharp barrier between the two local minima – it is for this reason that we included a Gaussian
term in our definition of the potential in Eq. (44).
We also checked that the neck and hump features disappear in Einstein frame. Fig. 5 shows what
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Figure 5: In Einstein frame, the neck of Fig. 3 has disappeared.
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Figure 6: In Einstein frame, the hump of the oscillating instanton in Fig. 4 has also disappeared.
the instanton corresponding to the one shown in Fig. 3 looks like in the Einstein frame, while Fig. 6
is the Einstein frame counterpart of the oscillating instanton shown in Fig. 4. In these figures the
dots represent the data obtained via the conformal transformation, while the solid line represents
the data obtained by solving the field equations directly in Einstein frame – the two agree precisely.
VI. BUBBLE MATERIALISATION
In order to obtain the bubble shape at the moment of materialisation, we have to analytically
continue the Euclidean metric
ds2 = dλ2 + ρ2(λ)
[
dψ2 + sin2(ψ)(dθ2 + sin2 θdϕ2)
]
(46)
10
into Lorentzian signature. This procedure is not single valued. Using analytic continuation
ψ =
pi
2
+ it , λ = r , (47)
we obtain the bubble geometry
ds2 = −ρ2(r)dt2 + dr2 + ρ˜2(t, r)dΩ22 , (48)
where
ρ˜(t, r) ≡ cosh(t)ρ(r) . (49)
We see that the function ρ indeed determines the spatial geometry of the bubble at the moment of
materialisation, t = 0, and thus the neck region becomes a wormhole.
In the late 80s there was considerable interest in wormhole physics motivated by the hope that
Planck scale quantum fluctuations of the topology of the space-time metric could lead to observable
effects in the low-energy world [33, 34]. Wormhole solutions were found in various theories such
as gravity coupled to the stringy axion [35], to the Yang-Mills field [36] and to a complex scalar
field [37]. These wormholes all described the branching of a small baby universe from the parent
universe, in contrast to the solution found in the present paper which describes the materialisation
of two portions of de Sitter-like universes (corresponding to the false and true vacua) joined by a
wormhole.
VII. DESIGNING WORMHOLE NECKS
Now that we have established both analytically and numerically that instantons with necks can
occur in non-minimally coupled scalar-tensor theories, we may ask how much freedom there is in the
shape of the neck. Our numerical example of the preceding section had a rather broad neck, and
one may wonder if it can be substantially narrower, so that one might obtain two spacetime regions
separated by a thin wormhole after materialisation. However, as we will now show, necks necessarily
tend to be fairly broad.
Imagine we start from a potential V¯ in the Einstein frame, and we obtain an instanton profile
ρ¯ with a typical de Sitter form, i.e. a deformed four–sphere. By specifying f(φ¯), naively we can
obtain an arbitrary profile ρ via (21), as long as we are free to specify the function f(φ¯). However,
the inverse field transformation
dφ
dφ¯
= ±
(
f − 3
2κ
f 2
,φ¯
f
)1/2
, (50)
11
should remain well-defined all the way across the instanton. This means that f cannot vary too fast
across the instanton – more precisely, positivity of the square root in the above equation implies the
bound ∣∣∣∣ d ln fd(κ1/2φ¯)
∣∣∣∣ ≤ (23
)1/2
. (51)
To see what this bound implies, consider a typical situation with n–oscillating instantons for which
[38]
n(n+ 3) <
3|V¯,φ¯φ¯ top|
κV¯top
, (52)
where V¯top is the value of the potential at the top of the barrier. The field span of the instanton can
be approximated by a Taylor series around the top of the barrier,
∆φ¯2 ' V¯top − V¯vacuum1
2
|V¯,φ¯φ¯ top|
<
6
κn(n+ 3)
(
1− V¯vacuum
V¯top
)
, (53)
where in the last step we have inserted Eq. (52). But for the inverse transformation (50) to remain
well defined and for f to vary by a factor x > 1 across the bounce,
ftop ∼ xfvacua , (54)
one needs (according to (51))
∆φ¯ &
√
3
2κ
lnx . (55)
Putting the two inequalities together, we obtain
ln2 x . 4
n(n+ 3)
(
1− V¯vacuum
V¯top
)
, (56)
which imposes a bound on how sharp the neck can be. In particular, for ordinary instantons with
n = 1, the bound on the change in f across the instanton is
lnx .
√(
1− V¯vacuum
V¯top
)
< 1 , (57)
implying that f can vary at most by a factor of order e. Thus wormholes will typically be rather
broad in the theories we have studied here.
VIII. CONCLUDING REMARKS
We have shown that instantons with necks can be produced as a result of quantum tunnelling
in the decay of a metastable vacuum in scalar field theories with non-minimal coupling to gravity
12
(while they cannot be produced in the case of minimal coupling). After bubble materialisation, such
neck geometries lead to two regions of the universe that are separated by a wormhole. However, as
we have also shown, these wormholes are typically quite broad. Fig. 7 shows two dimensional views
of the neck instanton and of the oscillating instanton with the hump that we have described.
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Figure 7: Graphical representations of the instanton (left) and oscillating instanton (right) solutions
described in the text, exhibiting the characteristic neck and hump features that can arise in Jordan frame.
It is important to stress that in a toy model containing just one scalar field coupled to gravity, both
Jordan and Einstein frames are physically equivalent and whether or not necks in the geometry exist
may be seen to depend on the choice of frame. It is the coupling of gravity to the rest of matter that
determines which metric is physical. What we have shown is that, assuming the physical metric is the
Jordan frame metric, one obtains instantons which, for observers composed of ordinary matter, will
appear with a wormhole geometry. However, the transformation to Einstein frame helps to clarify
the physical significance of the various instantons: as is well known, an important question in the
description of metastable vacuum decay is the number of negative modes of the instantons involved.
As discussed by S. Coleman [39], only instantons with one negative mode (i.e. one negative energy
eigenvalue in their spectrum of linear perturbations) really contribute to the tunnelling process – all
instantons with higher numbers of negative modes also have a higher action. Based on the relations
in Eqs. (15,16) it is then clear that the lowest instanton with just one node in the scalar field
profile, see Fig. 3, corresponds to a proper bounce solution with a single negative mode, whereas
exited, oscillating instantons will have more negative modes. In particular, the instanton in Fig. 4
13
should have two negative modes, and be irrelevant to the problem of vacuum decay. Moreover, the
transformation to Einstein frame also recovers the standard intuition regarding the action, and thus
the probability, of the instantons we considered here.
It was argued in [17] that after bubble materialisation, in addition to the usual R regions, T
regions also appear close to the neck (cf. the related discussion in [40]). Since the appearance of T
regions is usually connected to the existence of horizons, it will be interesting to work out the global
structure of the space-time obtained after bubble nucleation, and to compare it to the Einstein frame
description. We leave this interesting question for future work.
A further extension of the present work will be to study the existence of solutions with wormhole
geometries in other theories that allow one to violate the NEC in a controlled manner. As our work
indicates, the spectrum of possible instanton shapes is likely much richer in such theories than in
ordinary general relativity.
Acknowledgements
We gratefully acknowledge the support of the European Research Council via the Starting Grant
Nr. 256994 “StringCosmOS”. G.L. acknowledges support from the Swiss NSF SCOPES Grant Nr.
IZ7370-152581.
[1] V. A. Rubakov, “The Null Energy Condition and its violation,” Phys. Usp. 57, 128 (2014);
arXiv:1401.4024 [hep-th].
[2] B. Elder, A. Joyce and J. Khoury, “From Satisfying to Violating the Null Energy Condition,” Phys.
Rev. D 89, 044027 (2014); arXiv:1311.5889 [hep-th].
[3] M. Visser, ”Lorentzian wormholes: from Einstein to Hawking”, American Institute of Physics, 1995.
[4] E. I. Buchbinder, J. Khoury and B. A. Ovrut, “New Ekpyrotic cosmology,” Phys. Rev. D 76, 123503
(2007) [hep-th/0702154].
[5] P. Creminelli and L. Senatore, “A Smooth bouncing cosmology with scale invariant spectrum,” JCAP
0711, 010 (2007) [hep-th/0702165].
[6] D. A. Easson, I. Sawicki and A. Vikman, “G-Bounce,” JCAP 1111, 021 (2011) [arXiv:1109.1047
[hep-th]].
[7] M. Koehn, J. -L. Lehners and B. A. Ovrut, “A Cosmological Super-Bounce,” Phys. Rev. D 90, 025005
(2014) [arXiv:1310.7577 [hep-th]].
14
[8] L. Battarra, M. Koehn, J. -L. Lehners and B. A. Ovrut, “Cosmological Perturbations Through a
Non-Singular Ghost-Condensate/Galileon Bounce,” arXiv:1404.5067 [hep-th].
[9] E. E. Flanagan and R. M. Wald, “Does back reaction enforce the averaged null energy condition in
semiclassical gravity?,” Phys. Rev. D 54, 6233 (1996); gr-qc/9602052.
[10] F. L. Bezrukov and M. Shaposhnikov, “The Standard Model Higgs boson as the inflaton,” Phys. Lett.
B 659, 703 (2008); [arXiv:0710.3755 [hep-th]].
[11] F. Bezrukov and M. Shaposhnikov, “Higgs inflation at the critical point,” arXiv:1403.6078 [hep-ph].
[12] C. Barcelo and M. Visser, “Traversable wormholes from massless conformally coupled scalar fields,”
Phys. Lett. B 466, 127 (1999); gr-qc/9908029.
[13] C. Barcelo and M. Visser, “Scalar fields, energy conditions, and traversable wormholes,” Class. Quant.
Grav. 17, 3843 (2000); gr-qc/0003025.
[14] S. R. Coleman and F. De Luccia, “Gravitational Effects on and of Vacuum Decay,” Phys. Rev. D 21,
3305 (1980).
[15] K. Marvel and N. Turok, “Horizons and Tunneling in the Euclidean False Vacuum,” arXiv:0712.2719
[hep-th].
[16] B. H. Lee and W. Lee, “Vacuum bubbles in a de Sitter background and black hole pair creation,”
Class. Quant. Grav. 26, 225002 (2009) [arXiv:0809.4907 [hep-th]].
[17] G. Lavrelashvili, “Creation of wormholes during the false vacuum decay,” Sov. J. Nucl. Phys. 45 (1987)
185 [Yad. Fiz. 45 (1987) 295].
[18] B. H. Lee, W. Lee and D. h. Yeom, “Dynamics of false vacuum bubbles in Brans-Dicke theory,” JCAP
1101, 005 (2011) [arXiv:1006.3127 [gr-qc]].
[19] H. Kim, B. H. Lee, W. Lee, Y. J. Lee and D. h. Yeom, “Nucleation of vacuum bubbles in Brans-Dicke
type theory,” Phys. Rev. D 84, 023519 (2011) [arXiv:1011.5981 [hep-th]].
[20] P. J. Steinhardt and C. M. Will, “High frequency oscillations of Newton’s constant induced by infla-
tion,” Phys. Rev. D 52, 628 (1995); astro-ph/9409041.
[21] M. Visser and C. Barcelo, “Energy conditions and their cosmological implications,” gr-qc/0001099.
[22] N. D. Birrell, P. C. W. Davies, ”Quantum fileds in curved space”, Cambridge University press, 1982.
[23] W. Lee and C. H. Lee, “The fate of the false vacuum in Einstein gravity theory with nonminimally-
coupled scalar field,” Int. J. Mod. Phys. D 14 (2005) 1063.
[24] W. Lee, B. H. Lee, C. H. Lee and C. Park, “The false vacuum bubble nucleation due to a nonminimally
coupled scalar field,” Phys. Rev. D 74 (2006) 123520; arXiv:hep-th/0604064.
[25] C. H. Lee and W. Lee, “Nucleation of vacuum bubbles of a self-gravitating scalar field,” Int. J. Mod.
15
Phys. Conf. Ser. 12, 340 (2012).
[26] K. Sato, M. Sasaki, H. Kodama and K. -i. Maeda, “Creation of Wormholes by First Order Phase
Transition of a Vacuum in the Early Universe,” Prog. Theor. Phys. 65, 1443 (1981).
[27] K. -i. Maeda, K. Sato, M. Sasaki and H. Kodama, “Creation of De Sitter-schwarzschild Wormholes by
a Cosmological First Order Phase Transition,” Phys. Lett. B 108, 98 (1982).
[28] J. C. Hackworth and E. J. Weinberg, “Oscillating bounce solutions and vacuum tunneling in de Sitter
spacetime,” Phys. Rev. D 71, 044014 (2005) [hep-th/0410142].
[29] G. Lavrelashvili, “The Number of negative modes of the oscillating bounces,” Phys. Rev. D 73, 083513
(2006) [gr-qc/0602039].
[30] B. H. Lee, C. H. Lee, W. Lee and C. Oh, “Oscillating instanton solutions in curved space,” Phys. Rev.
D 85, 024022 (2012) [arXiv:1106.5865 [hep-th]].
[31] L. Battarra, G. Lavrelashvili and J. -L. Lehners, “Negative Modes of Oscillating Instantons,” Phys.
Rev. D 86, 124001 (2012) [arXiv:1208.2182 [hep-th]].
[32] L. Battarra, G. Lavrelashvili and J. -L. Lehners, “Zoology of instanton solutions in flat potential
barriers,” Phys. Rev. D 88, 104012 (2013) [arXiv:1307.7954].
[33] S. W. Hawking, “Quantum Coherence Down the Wormhole,” Phys. Lett. B 195, 337 (1987), in:
Quantum Gravity. Proc. 4th Int. Seminar, Moscow, 1987, eds. M.A. Markov, V.A. Berezin and V.P.
Frolov (World Sientitic, Singapore, 1988).
[34] G. Lavrelashvili, V. A. Rubakov and P. G. Tinyakov, “Disruption of Quantum Coherence upon a
Change in Spatial Topology in Quantum Gravity,” JETP Lett. 46, 167 (1987), in: Quantum Grav-
ity. Proc. 4th Int. Seminar, Moscow, 1987, eds. M.A. Markov, V.A. Berezin and V.P. Frolov (World
Sientitic, Singapore, 1988).
[35] S. B. Giddings and A. Strominger, “Axion Induced Topology Change in Quantum Gravity and String
Theory,” Nucl. Phys. B 306, 890 (1988).
[36] A. Hosoya and W. Ogura, “Wormhole Instanton Solution in the Einstein Yang-Mills System,” Phys.
Lett. B 225, 117 (1989).
[37] K. M. Lee, “Wormholes and Goldstone Bosons,” Phys. Rev. Lett. 61, 263 (1988).
[38] L. G. Jensen and P. J. Steinhardt, Nucl. Phys. B 237, 176 (1984).
[39] S. R. Coleman, “Quantum Tunneling and Negative Eigenvalues,” Nucl. Phys. B 298, 178 (1988).
[40] Ya. B. Zeldovich and I. D. Novikov, ”Relativistic Astrophysics”, v.1, University of Chicago Press, 1971.
